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Abstract

Metabolic engineering frequently makes use of point mutation and saturation mutation library creation. At present, sequenc-
ing is the only reliable and direct technique to detect point mutation and screen saturation mutation library. In this study,
mismatch amplification mutation assay (MAMA) PCR was used to detect point mutation and screen saturation mutation
library. In order to fine-tune the expression of odhA encoding 2-oxoglutarate dehydrogenase E1 component, a saturating
mutant library of the RBS of odhA was created in Corynebacterium glutamicum P12 based on the CRISPR-Cas2a genome
editing system, which increased the L-proline production by 81.3%. MAMA PCR was used to filter out 42% of the non-
mutant transformants in the mutant library, which effectively reduced the workload of the subsequent fermentation test and
the number of sequenced samples. The rapid and sensitive MAMA-PCR method established in this study provides a general

strategy for detecting point mutations and improving the efficiency of mutation library screening.

Key points

o MAMA PCR was optimized and developed to detect point mutation.
o MAMA PCR greatly improves the screening efficiency of point mutation.
o Attenuation of odhA expression in P12 effectively improves proline production.

Keywords Corynebacterium glutamicum - Genome editing - Point mutations - MAMA PCR - Mutation libraries

Introduction

Enzyme catalysis, biotransformation, and microbial fer-
mentation have emerged as crucial processes for producing
a variety of high value—added products (Choi et al. 2019;
Liu et al. 2020; Wen and Bao 2021). However, in order
to develop efficient chassis cells, microbial fermentation
and biotransformation necessarily need to change impor-
tant enzyme genes in order to boost enzyme activity (Gao
et al. 2022; Liu et al. 2020; Thu Ho et al. 2013), relieve
the feedback inhibition of the product (Liu et al. 2022a;
Vogt et al. 2014), or modify gene expression (Wen and Bao
2019; Zhang et al. 2020), which is advantageous to prod-
uct synthesis. The approach of introducing point mutation
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into the coding gene is frequently used to improve enzyme
performance. Point mutagenesis includes just a few base
substitutions as opposed to the knocking out and insertion
of DNA fragment; therefore, it is sometimes challenging to
recognize mutations by the size of PCR product fragments.
Therefore, gene sequencing is a common method to iden-
tify whether transformants are mutated. Although a variety
of editing methods have been established at present, even
an efficient genome-editing system based on CRISPR can
hardly guarantee the editing efficiency of each site to reach
100% (Doench et al. 2014; Jiang et al. 2017; Kim et al. 2018;
Wang et al. 2021a, b; Zhang et al. 2020). As a result, when
the editing efficiency is low, the majority of the transfor-
mants are false positives, making it necessary to sequence
more samples in order to screen for mutants, which increases
the cost of sequencing. Therefore, it is necessary to construct
an efficient and low-cost method to detect point mutations.

Compared with sequencing, PCR is a rapid and low-cost
method to identify mutations. PCR requires the participa-
tion of primers, and the hydroxyl group at the 3’ terminal
of primers is necessary (Tindall 1988). Due to the lack of
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3'-5" exonucleolytic proofreading activity in Taq polymer-
ase, the mismatch between the primer’s 3' terminal base and
the template will stop the PCR (Tindall 1988). Given this,
MAMA PCR was well established and experimented in the
late 1980s in the detection of point mutation of several dis-
ease conditions (Cui et al. 2016; Deekshit et al. 2019; San-
thosh et al. 2017). The MAMA PCR technique is also widely
used for the detection of point mutations in the quinolone
resistance determining regions (QRDRs) of fluoroquinolone-
resistant bacterial pathogens (Deekshit et al. 2019; Kakuta
et al. 2020; Ota et al. 2022). The basis of the technique is
dependent on primer designing. Taqg DNA polymerase is
unable to perform the extension process because of a single
nucleotide mismatch at the forward oligonucleotide primer’s
3’ proximity. Thus, the primers produce a PCR fragment
in the mutant harboring point mutation, whereas it is not
possible to yield a product with a wild type at the site cov-
ered by the mismatch positions on the MAMA PCR primer
from any gene (Fig. 1a). Thus, MAMA PCR is a promising
method to identify point mutations. However, MAMA PCR
is affected by the base composition and the number of bases
at the terminal of mismatched primer (Kwok et al. 1990).
This is unfavorable for us to use MAMA PCR to identify
point mutations more generally. Therefore, how to effec-
tively apply MAMA PCR to identify point mutations is still
a problem to be solved.

Corynebacterium glutamicum, a high-GC content, Gram-
positive soil bacterium, is an important industrial microor-
ganism for food safety, which is used to produce a variety
of amino acids (Dele-Osibanjo et al. 2019; Ghiffary et al.
2022; Liu et al. 2022b; Yu et al. 2021). Although L-proline
is one of nonessential amino acids for organisms, it has been
widely used in agriculture, feed industry, food industry, and
pharmaceutical industry (Jensen 2013; Ren et al. 2020;
Zhang et al. 2020, 2017). Based on metabolic engineering,
significant progress has been achieved lately in engineer-
ing C. glutamicum to produce L-proline (Liu et al. 2022a;
Zhang et al. 2020). In this study, we optimized the MAMA
PCR technique in C. glutamicum, enabling it to detect point
mutations and even single base substitutions. We found that
by adjusting the paired primers and elevating the annealing
temperature of PCR, MAMA PCR can rapidly and accu-
rately distinguish between wild-type and mutant templates
in addition to increasing the number of mismatched bases.
Moreover, we applied MAMA PCR to the preliminary
screening of mutant library. It is reported that weakening
the expression of odhA can greatly promote the synthesis of
L-glutamate and amino acids with L-glutamate as precursor
(Wen and Bao 2019; Zhang et al. 2020). However, exces-
sive inhibition of OdhA activity will impair cell growth;
hence, fine-tuning odhA expression can give consideration
to cell growth and L-glutamate synthesis. In order to fine-
tune the expression of odhA, a saturating mutant library of
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the RBS of odhA was created in proline-producing strain
C. glutamicum P12 based on the CRISPR-Cas2a genome
editing system, which increased the L-proline production
by 81.3%. MAMA PCR was used to filter out 42% of the
non-mutant transformants in the mutant library, which effec-
tively reduced the workload of the subsequent fermentation
test and the number of sequenced samples. In a word, we
provide an efficient method to identify point mutation and
screen point mutation library. Although this method has
been tested in C. glutamicum, it is also applicable in other
microorganisms.

Materials and methods
Strains, medium, and culture conditions

Strains used in this study are listed in Table 1. E. coli IM109
used for plasmid cloning were aerobically cultivated at
37 °C in Luria—Bertani (LB) broth. Appropriately, kanamy-
cin (Kan, 50 pg/mL) or chloramphenicol (Cm. 20 pg/mL)
was added to the medium. C. glutamicum and the deriva-
tives were aerobically cultivated at 30 °C in LBG medium
(LB medium supplemented with 5 g/L glucose). The Epo
medium (LBG medium supplemented with 3% glycine,
0.1% Tween 80, and 0.4% isoniazid) used for growing elec-
troporation competent cells and the LBHIS (2.5-g/L yeast
extract, 5-g/L tryptone, 5-g/L NaCl, 18.5-g/L Brain Heart
Infusion powder, and 91-g/L sorbitol) plates used for obtain-
ing transformants of C. glutamicum were prepared as previ-
ously described (Xu 2014). The LBS medium (LB medium
supplemented with 10% sucrose) is used for selection of
double crossover C. glutamicum. Spectinomycin (50 pg/
mL), Kan (25 pg/mL), and Cm (5 pg/mL) or isopropyl-p-
D-thiogalactoside (IPTG, 0.01 mM) was added to LBHIS
medium as required.

Batch cultivation in shake flasks was performed in
500-mL flasks containing 25 mL of medium A at 30 °C
and 100 rpm (reciprocating incubator). Medium A con-
tained (per liter): 160-g glucose, 40-g corn steep powder
(Angel Yeast Co., Ltd), 35-g (NH,),SO,, 1.0-g KH,SO,,
0.5-g MgS0O,7H,0, 0.01-g FeSO,, 100-pg biotin, 100-pg
thiamine-HCI, and 40-g CaCO;, pH7.2-7.5. The effect of
glutamate on proline fermentation was tested in strain P12,
and 10, 20, 30, and 40-g/L glutamate was supplemented in
medium A.

Construction of plasmids and plasmid library

The plasmids and primers used in this study are listed in
Table 1 and Table S2, respectively. Chromosomal DNA was
extracted from C. glutamicum ATCC 13032 and C. glutami-
cum P12 using an Ezup Bacterial Genomic DNA Extraction



Applied Microbiology and Biotechnology ~ (2024) 108:190 Page3of13 190
1mTsss T e TTo T TTTTTT T
1 MAMA PCR verification primers! Template Sequence
1 1
1 1 §-ACCGTGGCAACCACCGGTG TG— TATCTGTCCAACTACGCCAGCCGCGC3f
7 - 7 0B W' N 01 5 0 I N 0 i I O ) 1 0 ) i it o 0 0 i i g
'___\_E __________ IS________' pro 3—-TGGCACCGTTGGTCGLCAICAC~ATAGACAGGTTGATGCGGTCGGCGC G5
DNAP» 3¢ i S T T T T T T e
e
elongatlon pro& 3"-TGGCACCGTTGGTGGITCCAC-~ATAGACAGGTTGATGCGGTCGGCGCG—5
WT .
. Forward Ssiiiice Tm || Tm Sediuieiic Reverse
elongatlon<— dvNd primer Seqt °C)| [ cC) Sequence primer
15-AAG-FI | 5 CCGTGGCAACCACCA 3 50
I5AAG-F2| 5 CGTGGCAACCACCAA3 | 48|52 [3GTTGATGCGGTCGGCG S |15-AAG-R
) 5-AAG- SGTGGCAACCACC )
DNAP elongation 15-AAG-F3 | 5 GTGGCAACCACCAAGY |
e 16-AAG-FI |SACCGTGGCAACCACCA 3 52
MT - 16-AAG-F2 | 5CCGTGGCAACCACCAA Y | 50 || 32 [¥ TAGACAGGTTGATGCGG S |17-AAG-R
elongatlon<— dVNA 16-AAG-F3| S CGTGGCAACCACCAAG 3' 52
¢ SR €043 (VU OERS SRS N AR NSNS SRS A AR E RN TS RN (DA RERNRNAS ) SR LR ARRR NN S S A AR RERANRRY SO
+ 4+ 4+ 4+ e L DREINTT NI JRLAAGRS + 4+ + + + - - - - - = = == < 15-AAG-F3
P + + + + + - - - - - 15-AAG-F2 B os o e + 4+ + + + = = = = = 15AAGF2
= = = = e = = e = + + 4+ + + 15-AAG-F1 = = = = = - - - - - + + + + + 15-AAG-F1
+ 4+ + 4+ + + + + + + + + + + + 15-AAG-R + 4+ 4+ 4+ + + 4+ + + + + + + + + 17-AAG-R
M+ + + + + M + + + + + M + + + + + proBUK M+ + + + + M + ++ + + M + + + + + proBévx

SRR,

¢

- -

" 15-AAG-F3
15-AAG-F2
15-AAG-F1
15-AAG-R
proB WT

AN

™M M

=5

16-AAG-F3
16-AAG-F2
16-AAG-F1
15-AAG
proB¢IK

™M

oF
Iul{,lu.u Liceacen®

S,

el L I s s S JA':?(I‘;‘I”rl“l-il\(lll_l“\ix:(‘_‘_‘s
+ o+t + + - - - - - = = = - 16-AAG-F3
- - - - - + + ,+ + + - = - = - 16-AAG-F2
- - - - - - - - - - + + + + + 16-AAG-FI
+ + + + + + + ,+ + + + + + + + 15-AAG-R
M+ 4+ 4+ + + M + + 4+ + + M + + + + + proBWT

p—ry

- 15-AAG-F3
- 15-AAG-F2
+ 15-AAG-F1
+ 17-AAC

+ proBWT

TN, IR, R,
g i b b ik sty R 16 AAGLES
- - - - - S - = = - - 16-AAG-F2
- - - - - e = + + + + + 16-AAG-F1
+ + + + o+ + + + + + + 4+ + + + 17-AAG-R
M+ + + + + M+ + + + + M + + + + + propeex

B TN o L1 LTI P VLA T T

F o+ + o+ 1 - - - - - - = = = = 16-AAG-F3

- - - = = + + + + + - = = = = 16-AAG-F2

- - - - = - - - - = + + + + +  16-AAG-FI

T+ + + + + + + + + + + + + + 17-AAG-R
M 4+ + + <+ M 4+ 4+ + 4+ 4+ M + + 4+ 4+ + proBWT

Fig. 1 Base substitutions at the CgproB site were identified using
PCR. a Schematic diagram of the principle of Taq polymerase-based
PCR to identify point mutations. The 3'-OH of the oligonucleotide
primer is a necessary condition for DNA polymerase to initiate poly-
merase chain reaction. Taq polymerase does not have 3'-5' proofread-
ing activity. Therefore, a base mismatch is introduced at the 3’ end of
the primer. It will cause the polymerase chain reaction not to be initi-
ated, so the mutant strain and the wild-type strain can be identified

Kit (Vazyme, Nanjing, China). The target gene segments
were amplified using 2 X Phanta Master Mix (Vazyme,
Nanjing, China) from the appropriate DNA template. Taq
polymerase (2 X Rapid Taq Master Mix (Vazyme, Nanjing,

by PCR. b Schematic diagram of primers of different lengths and the
number of mismatched bases at the 3" end. Used to examine the effect
of different base mismatch numbers and primers of different lengths
(increasing the ATM value of upstream and downstream primers) on
PCR. c—f When there is a 1-3 bp base mismatch at the 3’ end of the
primer, the base substitution can be effectively identified as the tem-
perature increases and the difference in the TM value of the primer
becomes larger

China)) was used in MAMA PCR. The plasmid construc-
tion and transformation were referred to Xu et al. (2014a,
b). Recombination was conducted using the ClonExpress II
and ClonExpress MultiS One Step Cloning Kit (Vazyme,
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Table 1 Strains and plasmids used in this study

Strain Relevant characteristic(s) Reference

E. coli IM109 recAl, supE44 end] hsdR17 (r—k, m+k) gyrA96 relAl thi (lac-proAB) F’ [traD36 Takara
proAB +laclq lacZAM15]

C. glutamicum ATCC 13032 Type strain ATCC

ALtR
ALtbRAHAIRM

13032proBY!49K
13032zwfA243T
13032gndS31F

C. glutamicum P12

Plasmids
pK18mobsacB

pFSC

pFST
pJYS3_crtYf
pFST-gRNA1
pFST-gRNA2
pFST-gRNA4
pJYS3_0
pJYS3_gRNA3
pJYS3_gRNAS
PFST-proBC!14%

pIYS3_odhAgpe-LIB

pK18-ZwfAX3T

pK18-GndS3!F

C. glutamicum XQ-9 derivative with in-frame deletion of /tbR

ALtbR derivative with chromosomally integrated mutations into i/lvC coding for amino acid
exchanges S34G, L48E, and R49F

C. glutamicum ATCC 13032 derivative with chromosomally integrated mutations into proB
coding for amino acid exchanges G149K

C. glutamicum ATCC 13032 derivative with chromosomally integrated mutations into zwf’
coding for amino acid exchanges A243T

C. glutamicum ATCC 13032 derivative with chromosomally integrated mutations into gnd
coding for amino acid exchanges S361F

L-proline producer C. glutamicum strain created by random mutagenesis; resistant to suc-
cinic acid, sulfaguanidine and 3,4-dehydroproline

Kan', integration vector; oriVy, oriT sacB, allows for selection of double crossover C.
glutamicum

Cm', pBLI oriV¢ , pUC 0riVi, ;. Ptac-cas9

Kan', repA oriV¢ o, pMBI oriVg ,;;, Ptrc

Kan', pBLI" 0riVe o, pPSCI01 07iVy, o Press-FnCpfl, Pjy3; 19~ crRNA targeting cre¥f

Kan', repA oriV¢ o, pMBI oriVg ., Ptrc-sgRNAL targeting zwf

Kan', repA oriV¢ o, pMBI oriVy ., Ptrc-sgRNA 2 targeting zwf

Kan', repA oriV¢ o, pMBI oriVg ., Ptrc-sgRNA targeting gnd

Kan', pBLI" oriV , pSCI01 0riVig .p1; PryerrFnCpf1

Kan', pBLI" oriV y, pSCI01 01V .p1; Pruers-FnCPf1, Pjy3119- crRNA targeting zwf

Kan', pBLI" oriV , pSCI01 01V 1pp; Pruers-FnCpf1, Pp3;,9- ctRNA targeting gnd

Kan', repA oriV¢ o, pMBI 0riVy ., Ptrc-sgRNA targeting proB, 0.5 kb upstream and
downstream homologous arms

Kan', pBLI" oriV, g PSCLO0L 0riVg i Pep FCpfl, P30~ crRNA targeting odhA gpg,
1 kb upstream and downstream homologous arms. Different substitution bases are carried
at odhA ggg on the homologous template

Kan', pK18mobsacB derivative with chromosomally integrated mutations into zwf coding
for amino acid exchanges A243T

Kan', pK18mobsacB derivative with chromosomally integrated mutations into gnd coding
for amino acid exchanges S361F

(Wang et al. 2019b)
(Wang et al. 2019b)

This study
This study
This study

(Zhang 1996)

(Schifer A 1994)

(Peng et al. 2017)
(Peng et al. 2017)
(Jiang et al. 2017)
This study
This study
This study
This study
This study
This study
This study

This study

This study

This study

Nanjing, China). Restriction endonucleases and T4 DNA
ligase were purchased from TaKaRa (Dalian, China). The
detailed plasmid construction process is shown in the Sup-
plementary Methods section of Supplementary Information.

Construction of C. glutamicum recombinant strains

The preparation of electro-competent cells for C. glutamicum
was performed according to the method described previously
with appropriate modifications (Liu et al. 2022a). Cells were
cultured in 50-mL flasks with 10 ml of LBG medium for
10-13 h, and then 3-mL were transferred to 100 mL of fresh
Epo medium and cultivated at 30 °C. When the AODg, of
the culture reached to 0.4-0.5, the cells were ice-bathed for
20 min and were then harvested by centrifugation at 4 °C for
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5 min at 4000 rpm. After washing 3 times using 4 °C pre-
chilled 10% glycerol, the cells were resuspended in 0.3 mL
of 10.0% (v/v) glycerol. Plasmid was added to competent
cells and transferred to a 1-mm electroporation cuvette (Bio-
Rad Laboratories, Shanghai, China). Electroporation was
performed using an GenePulser Xcell™ (Bio-Rad Labora-
tories, Shanghai, China) with parameter settings of 1800 V
and 5 ms. Subsequently, 1 mL of LBHIS medium was imme-
diately added, and the suspension was rapidly incubated at
46 °C for 6 min. The cells were incubated at 30 °C for 2 h,
and then spread on LBHIS plates supplemented with anti-
biotics and IPTG as required and incubated at 30 °C until
colonies appeared.

Construction of 13032proB%!**X strain was based on
CRISPR-Cas9 system (Peng et al. 2017). Firstly, pFSC
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was transformed into C. glutamicum ATCC 13032 to
obtain strain 13032/pFSC. Then, the plasmid pFST-proB-
proBY1*% was transformed into C. glutamicum ATCC
13032/pFSC, and coated on LBHIS plate supplemented
with 10 pg/LIPTG, 10-mg/L chloramphenicol, and
25-mg/L kanamycin. The 13032proB%'*¥ transformant
was identified by sequencing.

Construction of 13032zwf A2**T and 13032gnd S3¢'F
strain based on the traditional pK18mobsacB—based gene
insertion were performed as previously described (Xu
2014).

Construction of mutant library of L-proline
hyper-producers and cultivation assay

Electrocompetent cells of C. glutamicum P12 were
prepared as described above. For in vivo point satura-
tion mutagenesis of odhAggs, a plasmid library pJYS3_
odhAggs-LIB was used for electroporation. C. glutami-
cum P12 was transformed with 2-pg plasmid library
pJYS3_odhAgpg-LIB. The correct transformants veri-
fied by MAMA PCR were inoculated into 48-well plates
for L-proline fermentation tests. Fermentation volume
was 800 ml, incubation temperature was 30 °C, rotation
speed was 300 r.p.m. (THZ-C-L, QIANGLE, China), and

a

2000bp
1000bp

Detection of point mutation Zwf***"by MAMA PCR

2 34 567 8 91011 121314151617 18 1920 21 22 23

2000bp : 35 36 37 38 39 40 41 42 43 44 45 46 47
1000bp -

C

ZwfWT GTCCAGATCACCATGGCTGAAGATATTGGC

Zwf .54 GTCCAGATCACCATGACCGAAGATATTGGC
ZwfHT-39# GTCCAGATCAC CATGAICCGAAGATATTGGC

/\ ﬂf\ /\ J‘: | \‘v /ﬁ\ﬂj\

A | AR | . A .
\/ \ \ A\ A
j\q‘ﬁj\ JAVRATA'AY ‘/\A/\s

Fig.2 Detection of zwf and gnd mutations by MAMA PCR. a The
mutation of Zwf*?**T in 47 recombinants edited by double crosso-
ver was detected by MAMA PCR. Primers Zwf*?***T-V.F (MAMA
primer) and Zwf***T-V.R were used to detect Zwf*>*>T point muta-
tion. The annealing temperature of primers is 63.6 °C, and other PCR
parameters are as described in the “Materials and Methods” sec-
tion. b The mutation of GndS*®'F in 47 recombinants edited by dou-

incubation time was 72 h. Medium A was used as L-proline
fermentation medium.

Primer design and MAMA PCR protocol

The rationale behind MAMA PCR is that a single nucleotide
mismatch at the 3’ extremity of the annealed reverse primer
renders Taq polymerase unable to extend the primer. So,
the absence of the specific PCR product reveals a devia-
tion from the wild-type DNA sequence. The MAMA PCR
primers for point mutation ProB¢'#¥ detection are shown
in Fig. la. The MAMA primers for RBS mutation library
of odhA gene screening are shown in Fig. 2a. In each PCR,
a reverse primer and a MAMA primer were used in a PCR
for mutation detection. In this study, we enhanced the 3’
mismatch effect by introducing more base mismatches into
3" of MAMA PCR. In the PCR procedure, the 3" mismatch
effect can also be effectively enhanced by increasing the
annealing temperature of primer and template. Moreover,
the 3" mismatch effect was effectively enhanced by replacing
the primer paired with MAMA PCR.

PCR experiments
The suitable annealing temperature of primers was tested

by pre-amplification PCR. The annealing temperature
of primers that cannot amplify PCR products is found by

b

2000bp
1000bp

Detection of point mutation Gnd**'* by MAMA PCR

,W 2021 223

42 43 44 45 46 97

2, 3 4830G ‘N 9101 IZIJ‘ISIG”

B

2000bp
1000bp

d

526 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
-

Gnd WT GAGATCAAGGCTGGCTCCGACGAGAACAACTGG

Gnd>*¢'F-7# GAGATCAAGGCTGGCTTTGACGAGAACAACTGG
GndS*'F-14# GAGATCAAGGCTGGCTITTGACGAGAACAACTGG
GndS**'F-18# GAGATCAAGGCTGGCTITTGACGAGAACAACTGG
GndS*'F-31# GAGATCAAGGCTGGCTITTGACGAGAACAACTGG

ALY -‘\\ /\/\ [ A/\"‘ "‘ [ J\ .’lA \ANN ‘\‘/\/\

ble crossover was detected by MAMA PCR. GndS**'F-V-F (MAMA
primer) and GndS**'F-V-R were used to detect Gnd>*'F point muta-
tion. The annealing temperature of primers is 60.9 °C, and other PCR
parameters are as described in Materials and Methods. * represent
that the mutation was identified in the recombinant by MAMA PCR.
(¢) Sequencing results of recombinants with identified mutations in a.
d Sequencing results of recombinants with identified mutations in b
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pre-amplification PCR, and then these temperatures are used
as the annealing temperature of PCR to verify mutation.
For each point mutation verification PCR program, other
parameters are consistent with the pre-amplification PCR
except the annealing temperature. For each pre-amplification
PCR, 1pL (~100 ng) genomic DNA template mismatched
with MAMA PCR primer was added to a final volume of
50 pL containing: 25 pL 2 x Rapid Taq Master Mix, 1pL of
10 nmol forward primer, 1pL of 10 nmol MAMA primer,
and 20pL ddH2O. Pre-amplification was carried out on a
DNA Thermolyne (LongGene, A300, Hangzhou, China)
programmed as follows: initial denaturation at 95 °C for
10 min and 32 cycles of denaturation at 95 °C for 15 s,
annealing at a temperature gradient range of 50-70 °C for
15 s and extension at 72 °C for 15 s, with a final step of
72 °C for 3 min. PCR products were visualized on hori-
zontal 1.0% agarose gels in 1 X TAE buffer, loaded with
7pL of reaction mix and stained with GoldenView™ after
electrophoresis.

Analytical methods

Cell growth was calculated by measuring the optical density
at 600 nm (ODy,) using a spectrophotometer (Shanghai,
China). Glucose and L-glutamate concentrations were deter-
mined using the SBA-40E immobilized enzyme biosensor
(Shandong, China). L-proline was analyzed by reversed-
phase high-pressure liquid chromatography (HPLC) using
Agilent 1290 system (Agilent, Palo Alto, CA, USA). The
sample preparation and the analysis procedure were carried
out based on the procedure previous described (Zhang et al.
2020).

Statistical analysis

All of experiments in this study were independently con-
ducted at least three times. The data are represented as mean
and standard deviation (+ SD) calculated by the function
STDEV in Microsoft Excel. Student’s ¢ test was used for
comparing the statistical difference among the groups of
experiment data.

Results
Development and validation of MAMA-PCR

To verify the reliability of MAMA PCR in point mutation
identification, y-glutamyl kinase coding gene proB (encod-
ing WT ProB) and proB* (encoding ProB®!*°) harbor-
ing point mutation to relieve proline feedback inhibition
in C. glutamicum ATCC 13032 were employed as ampli-
fication templates. In order to obtain the proB* template,

@ Springer

we attempted to construct the strain C. glutamicum ATCC
13032proBC!*°K by using CRISPR-Cas9 genome editing
system (Peng et al. 2017). First, plasmid pFSC was trans-
formed into strain C. glutamicum ATCC 13032 to obtain
C. glutamicum ATCC 13032/pFSC. Then, 1-pg plasmid
pEST-proB-proB¢!*¥ carrying gRNA which recognized
PAM site is located at the 149th amino acid encoded by
proB and homologous repair template was transformed into
C. glutamicum ATCC 13032/pFSC, and 66 transformants
were obtained. Finally, we randomly selected six transfor-
mants for sequencing, of which four were C. glutamicum
ATCC 13032proBS!#9K strains and two were escaped cells
without mutation. MAMA PCR depends on primer design,
so we designed MAMA PCR primers whose bases at the
3’ terminus form a mismatch with the wild-type (WT)
DNA template but match perfectly with the mutant DNA
template (proB*). The 3’ terminal of the designed MAMA
PCR primer is mismatched with WTproB template by 1
to 3 bases, respectively (Fig. 1b). Then, PCR reaction was
carried out at primer annealing temperatures of 50, 54.2,
60.9, 67.8, and 70 °C respectively. As shown in Fig. 1c, the
proB* and proB can be efficiently distinguished by raising
the primer annealing temperature under the two and three
base mismatches mediated by primer pair 15-AAG-F-2/R
and 15-AAG-F-3/R. However, in the primer pair 15-AAG-F-
1/R-mediated one-base mismatch system, the template proB
and proB* cannot be distinguished by raising the primer
annealing temperature. Even with the different primer pair
16-AGG-F/15-AGG-R, in which MAMA PCR primer
16-AGG-F has a single mismatch with the proB template,
similar results can be obtained (Fig. 1d). These results sug-
gest that increasing the number of 3'-terminal base mis-
matches and raising the primer annealing temperature of
PCR can enhance the 3" mismatch effect.

Considering the complexity of influencing factors in PCR
amplification, we assume that different primer pairs have
different amplification efficiency. Therefore, we replaced
the other paired reverse primer, 17-AGG-R, which had the
same Tm value as 15-AAG-R, without replacing the mis-
matched primer. We found that PCR mediated by primer
pair 15-AAG-F-1/17-AGG-R can effectively identify sin-
gle base mutation when the primer annealing temperature
reaches 70 °C (Fig. le). Similarly, primer pair 16-AAG-
F-1/17-AGG-R has similar results (Fig. 1e). These results
indicate that adjusting primer pairs can also enhance the 3’
mismatch effect. In conclusion, our results suggested that
the paired primers, the number of mismatched bases and
primer annealing temperature can be adjusted to effectively
identify whether there is point mutation in DNA template,
even a single base substitution.

In order to test the accuracy of MAMA PCR in identifying
point mutations, we used primer pair 15-AAG-F-1/17-AAG-
R to carry out MAMA PCR on all 66 transformants. We
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found that 50 transformants had specific electrophoresis
bands, including 4 transformants verified by sequencing, but
2 escaped cells failed to amplify bands (Figure S1). In addi-
tion, we can also effectively detect the point mutation in the
previously constructed strains by using MAMA PCR (Figure
S2). Next, we sequenced the remaining 60 transformants. As
expected, all the transformants with bands had correct point
mutations, while all the transformants without bands had no
mutations (Table S1). These results have shown that MAMA
PCR can accurately identify point mutations. MAMA PCR
is a rapid and sensitive method for the detection of point
mutations.

Detection of zwf and gnd mutations by MAMA PCR

Increasing the availability of NADPH is commonly used
to improve amino acid production by C. glutamicu (Hao
et al. 2022; Li et al. 2023; Wu et al. 2019). It is reported
that, the affinity of glucose-6-phosphate 1-dehydrogenase
(Zwf) toward NADP + can be increased by mutating alanine
at position 243th to threonine in C. glutamicum (Becker J
2007). In addition, the feedback inhibition of NADPH on
6-phosphogluconate dehydrogenase (Gnd) can be relieved
by mutating threonine at position 361th into phenylalanine,
which can improve the level of intracellular NADPH (Ohni-
shi J 2005). According to the genome editing method based
on CRISPR, after Cas9/gRNA introduced double-strand
breaks, the host was introduced point mutations into the
genome through homologous recombination repair with
homologous templates carrying damaged PAM or mutant
seed sequences (Jiang et al. 2017; Peng et al. 2017). There-
fore, if there is no suitable PAM at the target mutation site, it
is difficult to precisely introduce point mutation at the target
mutation site. In addition, the success of genome editing
method based on CRISPR depends on the activity of gRNA
(Creutzburg et al. 2020; Riesenberg et al. 2022). Thus, the
precise introduction of point mutation by CRISPR method
is limited to PAM position and gRNA activity. Based on
CRISPR-Cas9 and CRISPR-Casl2a systems, there are
three and two suitable PAM at the 243th site of Zwf and
the 361th site of Gnd in C. glutamicum, respectively (Fig-
ure S3a). The results of gRNA activity test show that these
gRNA activities are poor (Figure S3b). Therefore, the edit-
ing method based on CRISPR-Cas9/Cas12a is difficult to
precisely introduce point mutation in the 243th of Zwf and
the 361th of Gnd. However, the traditional double-crossover
homologous recombination genome editing method based
on pK18mobsacB is not limited by PAM and active gRNA.
Therefore, here, we attempted to introduce ZwfA?3T and
GndS*®'F mutations into 13,032 genome by the double-cross-
over homologous recombination. Firstly, we constructed
plasmids pK18-Zwf*2*3T and pK18-Gnd3*'F, which were
transformed into 13,032 respectively, and obtained a primary

recombinant strain with the whole plasmid integrated into
the genome. Subsequently, the primary recombinant strain
was cultured overnight in LBS medium, and then diluted
and coated on LBS plate. For ZwiA28T mutation, 47 recom-
binants were screened out, of which only 2 bands were spe-
cific by MAMA PCR (Fig. 2a). These two transformants
were sequenced, and the results showed that point muta-
tion indeed occur (Fig. 2¢). Similarly, for GndS**'F muta-
tion, 47 recombinants were screened, of which only 4 bands
were specific by MAMA PCR (Fig. 2b). The sequencing
results also showed that 4 recombinants had point mutations
(Fig. 2d). In C. glutamicum, the editing method based on
pK18mobsacB relies on random recombination, which will
inevitably produce mutant strains. If it is mainly a rever-
tant strain, it was necessary to sequence a large number of
samples to detect point mutation recombinants. Therefore,
MAMA PCR can screen mutant strains from low recombina-
tion events more quickly and at lower cost.

Application of MAMA PCR in screening mutant
library

In order to redirect metabolic flow to improve the accumu-
lation of target metabolites, microbial metabolic network
needs fine regulation. Generally speaking, optimizing key
enzymes and fine-tuning gene transcription and translation
are commonly used methods to regulate metabolic flow.
However, in order to find the enzyme with the strongest per-
formance and the optimal expression intensity of key node
genes, it is an efficient strategy to construct mutant libraries
of enzymes, promoters and RBS. In C. glutamicum, it is
challenging to use traditional genome editing methods to
construct efficient in situ mutation library. However, with
the application of efficient CRISPR genome editing technol-
ogy, the construction of in situ mutation library based on
CRISPR method has been realized in C. glutamicum (Jiang
et al. 2017; Liu et al. 2022a; Wang et al. 2021c). However,
there are escape cells in both Cas12a-mediated and Cas9-
mediated genome editing. On the other hand, the efficiency
of gRNA that mediates the activities of Cas9 and Cas12a is
different, which leads to more false-positive transformants
in the constructed mutant library, which seriously affects the
efficiency of screening mutants. Therefore, we try to screen
the mutant transformants in the library by MAMA PCR,
filter out false-positive transformants, improve the screening
efficiency of mutants, and reduce the sequencing cost and
the workload of mutant performance measurement.

In our laboratory, a proline-producing strain C. glutami-
cum P12 (i.e., P12) was obtained through several rounds of
chemical mutagenesis of C. glutamicum ATCC 13870, and
it is required to supplement a large amount of L-glutamate to
the fermentation medium for the efficient production of pro-
line (Zhang 1996). When L-glutamate is not supplemented

@ Springer
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to the fermentation medium, proline accumulation decreases
sharply (Figure S4). It is speculated that the supply of intra-
cellular L-glutamate precursor is insufficient, which leads to
the low proline accumulation when L-glutamate is not sup-
plemented to the fermentation medium. Therefore, enhanc-
ing intracellular L-glutamate synthesis in P12 is beneficial
to increase proline production. It is reported that weaken-
ing the expression of odhA can greatly increase the accu-
mulation of L-glutamate (Wen and Bao 2019; Zhang et al.
2020). However, excessive inhibition of OdhA activity will
impair cell growth; hence, fine-tuning odhA expression

a

can give consideration to cell growth and L-glutamate syn-
thesis. Therefore, based on CRISPR-Cas12a system, we
constructed the RBS mutation library of odhA gene in situ
(Fig. 3a). Every plasmid in the library pJYS3-odhAgzs-LIB
contains the same crRNA targeting odhAggs, and different
plasmids harbor homologous repair templates with differ-
ent RBS, which are transferred to strain P12. Because there
are few transformants, we repeated three times of electro-
transformation to obtain 191 transformants. We selected all
the transformants and used MAMA PCR for preliminary
screening. It was found that 112 transformants had RBS
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mutation, and the mutation efficiency was 58% (Fig. 3b).
Therefore, 42% of false-positive transformants were filtered
by MAMA PCR, which effectively reduced the workload of
our subsequent fermentation test.

Test of fermentation performance of library
mutants

Next, we tested the fermentation performance of 112 trans-
formants by 48-well plate. L-Glutamate was not supple-
mented in the fermentation medium, and the fermentation
was carried out for 72 h. According to the fermentation test,
among 112 transformants, the proline production level is
obviously different (Fig. 3c). P12 strain can only accumulate
8.1+0.23 g/L proline in 48-well plate (Fig. 2c), which may
be that the effect of dissolving oxygen in 48-well plate is
worse than shake flask. However, 133" transformant accumu-
lated the highest proline of 13.60+0.52 g/L and 101" trans-
formant accumulated the lowest proline of 1.42+0.19 g/L.
(Fig. 3c). Compared with P12 strain, 10 transformants with
increased proline production were selected for sequencing
(Fig. 3c). The sequencing results are shown in Table 1. The
results show that the RBS of all transformants tested have
mutated. However, we failed to integrate a His-tagged odhA
into the genome or insert a His-tag behind odhA in order to
detect odhA expression by His-tag antibody, as previously
reported (Zhang et al. 2020). Thus, the RBS Calculator
(http://www.denovodna.com/software/dologin) was used
to predict the translation initiation rate of RBS of odhA
in the sequenced transformants. As shown in Table 1, the
translation initiation rate of predicted RBS of odhA in all
sequenced transformants is lower than wild-type RBS. Thus,
it was speculated that the mutation of RBS of odhA in these
sequenced transformants reduced the expression of odhA.
Finally, we tested the proline fermentation of P12 strain
and 133" strain in shake flask with fermentation medium in
which L-glutamate was not supplemented. Compared with

P12 strain, the biomass of 133" transformant decreased by
30% (Fig. 4a), and the sugar consumption rate was slower
(Fig. 4b). However, after 72 h of fermentation, 133" trans-
formant could accumulate 51.3 +1.4 g/L proline (Fig. 4c),
which was equivalent to the proline accumulation level of
P12 strain in the medium supplemented with 30 g/L L-glu-
tamate (Figure S4). Therefore, weakening the expression of
odhA is an effective strategy to promote the synthesis of
L-glutamate and amino acids with L-glutamate as precursor.

Discussions

In this study, MAMA PCR was used to identify the point
mutation ProB¢'*X in C. glutamicum. The results suggested
that the efficiency of MAMA PCR in identifying point muta-
tions can be affected by replacing the paired primers of mis-
matched primers, raising the primer annealing temperature
of PCR and increasing the number of mismatched bases
at the 3' terminal of MAMA primer. In addition, MAMA
PCR can effectively improve the screening efficiency of
RBS mutant library of odhA gene in C. glutamicum. By
constructing RBS mutant library of odhA, the expression of
odhA gene in proline-producer P12 was weakened, which
promoted proline synthesis with L-glutamate as precursor
(Table 2).

PCR is a complex system, and the yield of PCR products
is affected by many factors. Taqg DNA polymerase without
3'-5" exonucleolytic proofreading activity is required for
MAMA PCR, but high-fidelity DNA polymerase with this
activity is not suitable because it can cut off the mismatched
base in the MAMA primer, allowing the modified primer
to match with the template perfectly and effectively ampli-
fying DNA. When MAMA PCR was carried out at lower
primer annealing temperature, we observed that amplifica-
tion with WTproB as template produced multiple PCR bands
(Fig. 1c—f), which may be due to nonspecific bands caused

——P12 g ——P12 —a— P12 .
100 —— 133% /i/i s —e—133% 50— 133¢ =
80 ——+—4 40 -
¥ ay g
= =)
8 60 / g T30
a @ £ y —+
° / g H :
40 { 7] 5201 /
204 \ 10 / ¥
E ‘/‘ 201 \‘\; [/
441/ L N - _.,,-;i'é'

0 — T T T T T T T T T T
0 6 12 18 24 30 36 42 48 54 60 66 72

Time(h)

0 — T T T T T T T}
0 6 12 18 24 30 36 42 48 54 60 66 72

Time(h)

0 T f==4 — T T
0 6 12 18 24 30 36 42 48 54 60 €6 72

Time(h)

Fig.4 Determination of fermentation performance of proline-pro-
ducing strain 133% and P12 in shake flask. a Growth curves of strains
133" and P12; b glucose consumption of strains 133" and P12; ¢ Pro-

line accumulation of strains 133* and P12. Error bars indicate stand-
ard deviations from three parallel experiments
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Table 2 The initial RBS and
the replacement RBS of the
odhA genes correspond to the
predicted translation initiation
rates

Name Sequence (5'—3")¢ Predicted translation
initiation rate (au)”
WT AGAAGCAAGGAAAAGAGGCGAGTACCTGCC(GTG) 37.37
1* AGAAGCAAGGTCAAGCGCTGAGTACCTGCC(GTG) 1.84
82% 158* AGAAGCAAGGTCAAGAGTAGCGTACCTGCC(GTG) 1.51
108%,179* AGAAGCAAGGTCAAGGTCAGTGTACCTGCC(GTG) 1.31
23# AGAAGCAAGGTCAAGTTTTTTGTACCTGCC(GTG) 0.77
54% 92% AGAAGCAAGGTCAAGATTATTGTACCTGCC(GTG) 0.31
72% 133% AGAAGCAAGGTCAAGTACATTGTACCTGCC(GTG) 0.25

“Brackets represent the start codon sequence. “The translation initiation rate calculation of the RBS
sequences of odhA genes were performed using the RBS Calculator (http://www.denovodna.com/software/

doLogin). Bold represents the SD sequence. Red markers represent base substitutions

by nonspecific amplification of MAMA PCR primers. It
was report that the single internal mismatches in MAMA
PCR primers will not significantly affect the product yield of
PCR (Kwok et al. 1990). Under the background of genome,
there are many positions with single internal mismatch with
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of primers initially had a proper Tm value when they were
fully attached to the DNA amplification template, but when
they were attached to the mismatched DNA template, the
Tm value between the mismatched primer and its paired
primer increased, so that when the annealing temperature of
PCR was increased, the mismatched primer could no longer
be attached to the template at high temperature due to its
low Tm value. As a result, the mismatched primer could
not be used to initiate the PCR process. This also explains
why, with the increase of PCR annealing temperature, when
MAMA PCR primer uses mismatched DNA as template, the
PCR yield is greatly reduced, while the mismatched template
can be effectively amplified. Thus, setting the Tm value of
the paired primer of the MAMA PCR primer higher than
that of the MAMA PCR primer will assist to improve the
sensitivity of MAMA PCR.

Although, we demonstrated the application of MAMA
PCR in point mutation detection and mutation library screen-
ing in the conventional CRISPR genome editing technology.
However, at present, based on CRISPR system, base editing
that does not involve DNA double-strand breaks and does
not need repair templates has been developed. The principle
of base editing is that base editor deaminates the target site’s
cytosine or adenine into uracil and hypoxanthine (Fig. 5a,
¢), which is finally converted from C to T or A to G by DNA
replication or repair (Fig. 5b, d). Base editing is divided
into cytosine editor and adenine editor. There may be four
repair results after deamination of cytosine editor, but the
inhibition of UGI can improve the conversion efficiency of
Cto A (Fig. 5b). The repair mechanism of A deamination on
DNA is not as complicated as C deamination, which results
in a high product purity (typically >99.9% A to G conver-
sion) (Wang et al. 2021a). However, applications of ABEs
in microorganisms suggest that their editing efficiencies are
generally lower than those of CBEs (Luo et al. 2020; Tong
et al. 2019; Wang et al. 2019a; Xin et al. 2019). Therefore,
considering that base editing only involves base substitu-
tion, the complexity of repair products and low editing
efficiency, MAMA PCR will be very suitable for screening
transformants with correct base conversion after base editing
(Fig. Se, f). Although we take C. glutamicum as an example
to show the application of MAMA PCR in point mutation
identification and mutation library screening, this method
will be applicable to other industrial microorganisms such
as Escherichia coli, Bacillus subtilis, and yeast, which will
be a powerful tool for screening mutants.
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